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Introduction
Climate change has come to the public's attention not only for its own sake but also for its effects on the structure and function of oceanic ecosystems, and its impact on fisheries resources. It is essential to construct models that can be widely applied in the quantitative study of the world's oceanic ecosystems. Several such attempts exist. For instance, PlankTOM5 is an ocean ecosystem and carbon-cycle model that represents five plankton functional groups: the calcifiers, silicifiers, mixed phytoplankton types, and the proto-and meso-zooplankton types (e.g., see Aumont et al., 2003; Le Quéré et al., 2005) .
PlankTOM5 is a biomass-based ecosystem model that builds on the formulations by Fasham (1993) and Fasham et al. (1993) among others. Such biomass-based ecosystem models are also referred to as a Fasham-, NPZD-, or JGOFS-type models. These are named after the Joint Global Ocean Flux Study which was a decade-long core project of the International Geosphere Biosphere Programme, IGBP, where such models were successfully used to provide estimates of carbon budgets and cycling in the oceans.
Biomass or mass balance models are different from individual based or population dynamics models, which include stage-and age-structured formulations of target organisms such as zooplankton and fish. The latter models have been developed and used in the recent GLOBEC (GLOBal ocean ECosystem dynamics) Program, which followed JGOFS as a core ocean project of the IGBP, e.g., see discussions by Carlotti et al. (2000) , deYoung et al. (2004) and Runge et al. (2004) .
The PICES MODEL Task Team's approach was to use a biomass based model as an important initial step in identifying and quantifying the relationship between climate change and ecosystem dynamics (also see Batchelder and Kashiwai, 2006;  to examine model dynamics, (3) Demonstrate the applicability of the prototype model by comparing lower trophic ecosystem dynamics among different regional study sites in the CCCC Program (see Batchelder and Kashiwai, 2006 ; this issue), (4) Compare the prototype model with other models, (5) Identify information gaps and the necessary process studies and monitoring activities to fill the gaps, and (6) Discuss how to best link lower trophic level marine ecosystem models to higher trophic level marine ecosystem models, regional circulation models, and how to best incorporate these unified models into the PICES CCCC program.
The PICES CCCC prototype lower trophic level marine ecosystem model was named "NEMURO" (North Pacific Ecosystem Model for Understanding Regional
Oceanography (see the Preface, this issue). NEMURO is a conceptual model representing the minimum trophic structure and biological relationships between and among all the marine ecosystem components thought to be essential in describing ecosystem dynamics in the North Pacific (Fig. 1 ). Boxes in Figure 1 represent functional compartments, i.e., small phytoplankton or nitrogen concentration, and arrows represent the fluxes of nitrogen (solid arrows) and silicon (dotted arrows) between and among the state variables.
The objectives of this paper are to provide a description of the biological and physical processes contained in NEMURO, the process equations that describe the exchange of material and energy between the model state variables, the parameters used to configure the model to a location off Japan, and an example of model dynamics.
Model Description
NEMURO consists of 11 state variables as shown schematically in Fig. 1 . In the Northern Pacific, silicic acid (Si(OH) 4 ) is an important limiting factor as well as nitrate (e.g., Chai et al., 2002) . The subarctic Pacific is characterized by strong physical seasonality and high nitrate and low chlorophyll concentrations (HNLC). The depression of phytoplankton standing stock had previously been considered to be due to the grazing by ontogenetic migrating copepods (Parsons and Lalli, 1988) . However, in-situ grazing pressure appears not to be sufficient to suppress the increase of phytoplankton (Dagg, 1993; Tsuda and Sugisaki, 1994) and instead may be iron-limited. Recently, the iron hypothesis (Martin et al., 1990; Cullen, 1995) has been widely accepted in the HNLC region (e.g., Gao et al., 2003) . However, we reasoned that for our purposes the effect of iron limitation can be approximated with a judicious choice of parameters (Denman and Peña, 1999 ) and therefore we did not include it explicitly as a separate state variable or limiting nutrient.
Mesozooplankton assemblages in the subarctic Pacific and its adjacent seas are dominated by a few species of large grazing copepods, which vertically migrate ontogenetically between the epipelagic and mesopelagic layers (Mackas and Tsuda, 1999) . Several studies have suggested the trophodynamic importance of these organisms in this region (Miller et al., 1984; Miller and Clemons, 1988; Tsuda et al., 1999; Kobari et al., 2003) . Kishi et al. (2001) included ontogenetic vertical migration in their model which had as state variables: nitrate (NO 3 ), ammonium (NH 4 ), small phytoplankton biomass (PS), large phytoplankton biomass (PL), small zooplankton biomass (ZS), large zooplankton biomass (ZL), particulate organic nitrogen (PON), and dissolved organic nitrogen (DON). In the NEMURO formulation (herein), we added three additional variables to the model of Kishi et al. (2001) : predatory zooplankton biomass (ZP), particulate silica (Opal), and silicic acid concentration (Si(OH) 4 ). Opal and Si(OH) 4 are included because silicic acid is an important limiting nutrient for large phytoplankton in the North Pacific. ZP (gelatinous plankton, euphausiids or krill) is included as a predator of ZL (copepods) and ZS (ciliates). In present-day ecosystem models, the biomass of the top predator implicitly includes all other higher trophic predators and the effects of hunting by higher trophic biota in their mortality term. For an extension of NEMURO that explicitly includes fish predators on zooplankton, see Megrey et al. (2006, this issue) .
Thus, the biomass of the highest predator ZP is in a sense unrealistic in that it represents the total biomass of a number of species. We included ZP in NEMURO to get a more accurate representation of the biomass of ZL, which plays an important role in lower trophic ecosystems in the Northern Pacific, as well as to represent a suitable prey functional group for the higher trophic level linkages (see Megrey et al., 2006, this issue; Rose et al, 2006b , this issue).
Governing equations for nitrogen
Formulations for fluxes between state variables are given by a set of 11 coupled ordinary differential equations. In all the formulations below, physical terms of diffusion and advection are omitted for simplicity. are given in the Appendix. Parameter values were determined for two sites typifying the North Pacific (Fig. 2) . Parameters values for Station A7 (41.5°N, 145.5°E) are provided in Table 1 herein. See Table 1 in Yoshie et al. (2006) for parameter values for Station Papa (50°N, 145°W).
Values of parameters

Parameters for Temperature Dependence
In this model, all biological fluxes are doubled when temperature increases by 10ºC (c.f. Kremer and Nixon, 1978) . This assumption is supported by Eppley's (1972) result that photosynthetic rate is doubled when temperature increases by 10ºC. The same Q 10 =2.0 relationship is applied to all other temperature-dependent rates.
Photosynthetic and Respiratory Parameters
According to Parsons et al. (1984) , the range of photosynthetic rate is 0.1~16.9 mgC mgChla -1 hr -1 (using a typical C:Chlorophyll-a ratio of 50, this corresponds to 0.05 day -1~8 .1 day -1 ). Many of the values for nutrient-rich waters fall in the order of ~1 day -1 .
In the NEMURO model, we chose 0.8 day -1 (for PL) and 0.4 day -1 (for PS) at 0 ºC.
For the half saturation constants, Parsons et al. (1984) (Parsons et al., 1984) . In this model, the value of 3.0 (for PL) and 1.0 (for PS) µmolN liter -1 were adopted for nitrate and 0.3 (for PL) and 0.1 (for PS) µmolN liter -1 for ammonium. For silicic acid (Si(OH) 4 ), a half saturation constant of 6.0 µmolSi liter -1 was used, which is twice that used for nitrate uptake by PL.
Optimum light intensity generally ranges between 0.03~0.20 ly min -1 (Parsons et al., 1984) . A value of 0.15 ly min -1 (104.7 W m -2 ) was used in our model. The ammonium inhibition coefficient (1.5 µmolN liter -1 for PL and PS) is similar to those used by Wroblewski (1977) . The respiration rate was assumed to be 0.03 day -1 at 0ºC, comparable to values collected by Jørgensen (1979) .
Grazing Parameters
Kremer and Nixon (1978) ) was assumed.
Nitrification Rate
Data to estimate nitrification rates are few. In the North Pacific, maximum production rates of nitrate from ammonium are about 0.015 day -1 (Wada and Hattori, 1971 ). As such, the value used in this model (0.03 day -1 at 0ºC) may be high, but preliminary experiments showed that this high value was necessary to prevent elevated ammonium concentrations compared to observed values.
Decomposition Rate
PON decomposition rates range from 0.005 to 0.074 day -1 based on a review by Matsunaga (1981) . In this model, 0.1 day -1 (at 0ºC) was used, which is close to the model value found by Matsunaga (1981) .
Assimilation Efficiency and Growth Efficiency
Assimilation efficiency was set to be constant although it is known to vary with food intake of zooplankton (Gaudy, 1974) . A value of 70%, which corresponds to the upper limit reported for Calanus helgolandicus by Gaudy (1974) , was assumed in this model. Sushchenya (1970) reported values for growth efficiency ranging from 4.8% to 48.9%. For this model we assumed 30.0% for growth efficiency, roughly corresponding to the value for Calanus helgolandicus.
Mortality of Phytoplankton and Zooplankton
Very few quantitative data exist to approximate mortality rates of phytoplankton and zooplankton. Furthermore, data for concentration dependence of mortality rate, which are needed for this model, are hardly available. Thus, the values of these parameters were determined rather arbitrarily to be 0.029 (µmolN liter -1 ) -1 day -1 for large phytoplankton, 0.0585 (µmolN liter -1 ) -1 day -1 for zooplankton and small phytoplankton (at 0ºC). Using a C:N ratio of 133:17 and a C:Chlorophyll a ratio of 50:1, phytoplankton mortality rate is 0.0045 day -1 at the concentration of 0.3 µgChla liter -1 , and zooplankton mortality rate is 0.015 day -1 at the concentration of 2.0 µmolC liter -1 .
Implementation of NEMURO
A standard model run
The NEMURO equations and parameters described here are able to reproduce a classic North Pacific spring bloom scenario, such as one might find at Station A7 (Fig.2) .
In a point implementation, such as this one, the model represents the upper, mixed layer of the ocean and the values in the model represent depth averages over that layer. There is no horizontal dimension explicitly defined in the model, but it is convenient to think of it as a one meter square column of water. A one-year long section from a stable NEMURO run for A7 is shown in Fig. 3 .
In late oceanographic winter, January through March, nutrient concentrations increase to their seasonal high values due to remineralization and low uptake rates by the phytoplankton. Phytoplankton photosynthesis (and hence nutrient uptake) is low due to low temperatures and light levels. Phytoplankton biomass (both PS and PL) is slowly decreasing due to respiration and grazing losses to ZS and ZP. Large zooplankton (ZL) enter the upper water column, i.e., the model domain, in late March, but the most apparent immediate effect is a small increase in the rate of ammonium production (Fig. 3) . In mid-April, changes in light and temperature produce conditions suitable for phytoplankton growth, and both small and large phytoplankton begin a spring bloom period of near exponential growth. Large phytoplankton (diatoms) exhibit an earlier bloom with a biomass peak in early May. Small phytoplankton also increase, but are out-competed for nutrients by the large phytoplankton population. However, the diatom growth event is short-lived as nutrient concentrations decrease and, most importantly, as grazing losses increase due to the large zooplankton population increasing in biomass.
The increased ZL grazing is shown by the decrease in PL and the increase in NH 4 , due to increased excretion by ZL, in May. After the diatom (PL) bloom is grazed down, there is a secondary bloom of flagellates (PS), and a small one of diatoms.
By July, the system has reached a somewhat steady state. Most of the nitrate and ammonium are gone, having been converted into the standing crops of PS, PL, ZS, SL, and ZP. Photosynthesis is being sustained by the recycling of nitrogen through the ammonium pathway. Silicic acid concentrations are still above the half-saturation value, so there can be diatom (PL) production when nitrogen is available. At the end of August, large zooplankton descend from the upper water column, releasing much of the grazing pressure on PL and on ZS. The small zooplankton biomass increases, leading to a small phytoplankton decrease. At the same time, the reduction in grazing from ZL allows a fall diatom bloom to occur. Another relatively stable state is reached, which lasts until the following winter, when the cycle repeats itself.
Throughout the year, biomass of small and predatory zooplankton stays relatively constant compared to that of the large zooplankton. For small zooplankton, this is because as they increase in biomass, they are quickly grazed down by both ZL and ZP.
Predatory zooplankton show more variability than small zooplankton, but it is reduced relative to the large zooplankton, presumably because the additional trophic level reduces the amount of biomass that can be accumulated by ZP.
Other NEMURO applications
Several studies using NEMURO in the North Pacific already exist, e. Their sensitivity analysis concluded that the average specific grazing rate on diatoms decreased by 35% associated with a deepening of the mixed layer, whereas the average specific photosynthesis rate of diatoms decreased by 11%. As a result, average specific net diatom growth rate during deep mixing is about 70% of its maximum during the spring diatom bloom. Deep mixing significantly affects the amplitude of the spring diatom bloom not only through increased supply of nutrients but also through dilution of zooplankton which, in turn, significantly decreases grazing pressure. 
Concluding remarks
The value of a model like NEMURO is that it can be applied to a wide variety of locations in the North Pacific, with only a minimal amount of tuning of the input parameters. Although the selection and determination of parameters remain an important task for future work (e.g., Kuroda and Kishi, 2003; Yoshie et al., 2006; Rose et al., 2006a) , using a common set of parameters, NEMURO has been found useful in regional comparisons of the eastern and western North Pacific ecosystems .
It is important that model estimates of the production of large zooplankton be accurate because this functional group often forms the primary link to higher trophic levels (e.g., fish as added to the NEMURO model by Megrey et al., 2006 and Rose et al., 2006b ; this issue). In ecosystems where autotrophic picoplankton are particularly important, the microbial food web could be better simulated by including separate picoplankton, nanophytoplankton, heterotrophic flagellates and microzooplankton groups (e.g., Le Quéré et al., 2005) . However, such increase in realism comes at an expense, since it would increase the model complexity by several state variables, process equations, and rate coefficients. Incremental approaches to introducing additional complexity in NEMURO are suggested in the review by Werner et al. (2006) 
Silicon (suffix si is added for silicon cycle of all compartments and of each process) Nitrogen 1) GppPSn : Photosynthesis was assumed to be a function of phytoplankton concentration, temperature, nutrient concentration and intensity of light. For the dependence on nutrient concentration, Michaelis-Menten formula was adopted. Gross Primary Production rate of Small-Phytoplankton (µmolN liter -1 day -1 ) consists of nutrient uptake term, temperature dependent term, and light limitation term. Nutrient uptake term is based on Michaelis-Menten relationship and 'gourmet term of ammonium' (Wroblewski, 1977) . The temperature dependent term is the so called "Q10" relation, whereas the light limitation term works through light inhibition of photosynthesis (Steele, 1962) where I 0 is light intensity at the sea surface, and TMP is water temperature.
2) GppPLn : Gross Primary Production rate of Large Phytoplankton (µmolN liter -1 day -1 ) which has the same formulation as PS, but contains silica and a silicate-limiting term (RSiNPL is the ratio of Si:N in PL).
RnewS: f-ratio of Small-Phytoplankton (No dimension) which is defined by the ratio of NO3 uptake to total uptake. 
7)
ExcPSn: Extracellular excretion rate of Small Phytoplankton (µmolN liter -1 day -1 ) which is assumed to be proportional to production. which is described with a temperature-dependent term (Q10) and an Ivlev equation with a feeding threshold. In this formulation, grazing rate is saturated when phytoplankton concentration is sufficiently large, while no grazing occurs when phytoplankton concentration is lower than the critical value, PS2ZS*.
10) GraPS2ZLn:
Grazing rate of small-phytoplankton by Large Zooplankton (µmolN liter -1 day -1 ) 11) GraPL2ZLn: Grazing rate of large-phytoplankton by Large Zooplankton (µmolN liter -1 day -1 ) 12) GraZS2ZLn: Grazing rate of small-zooplankton by Large Zooplankton (µmolN liter -1 day -1 ) 13) GraPL2ZPn: Grazing rate of large-phytoplankton by Predator Zooplankton (µmolN liter -1 day -1 ) which includes temperature dependent term (Q10), Ivlev relation, and 'gourmet function' for zooplankton. 14) GraZS2ZPn: Grazing rate of Small Zooplankton by Predator Zooplankton (µmolN liter -1 day -1 ) UPWn: Upwelling rate of NO 3 (µmolN liter -1 day -1 ) UPWn = ExUP * ( NO3D -NO3 ) Where ExUP is upwelling velocity from the lower part of the domain, NO3D is the NO3 concentration at the bottom of the domain.
Silicon
30) GppPLsi:
Gross Primary Production rate of large-phytoplankton (µmolSi liter -1 day -1 ) which is described by multiplying Si:N ratio by the primary production term in nitrogen. All parameter values are listed in Table 1, in the unit described above, and also in the unit used in FORTRAN program distributed widely from PICES website (http://www.pices.int)
